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Technical Summary:
There were two main technical objectives of this program with respect to the investigation of the high speed waveguide electroabsorption (EA) modulator, namely: (1) Design and fabrication of a waveguide modulator with widened optical waveguide for easy packaging and lower insertion loss, and (2) interfacing with Infotonics for their fiber packaging effort of the modulator.
In addition, an examination of the limits to Radio Frequency (RF) link gain, noise figure and spurious free dynamic range (SFDR) of the EA modulator was accomplished.
This report 1 details the University of California at San Diego (UCSD) efforts in a multi-year collaborative research program with AFRL at Rome Research Site who evaluated the EA modulators in fiber links.
Introduction:
This program produced the following accomplishments:
1. Finished a design for the modulator with large optical waveguide to improve the coupling in materials structure of either bulk InGaAsP or multiple quantum wells. The design has been fabricated at UCSD and repeated at a commercial foundry. While the UCSD fabrication run has contact adhesion problem, the fabrication run at the commercial foundry has resolved this problem. The optical and electrical performances of devices fabricated at both locations are similar.
2. Examined the limits of RF link gain, noise figure and SFDR of EA modulators.
Summary of accomplishments
High power diluted waveguide electroabsorption modulator
A diluted waveguide electroabsorption modulator using bulk InGaAsP electroabsorption layer has been designed and fabricated. The same design was transferred to a commercial foundry. The resulting devices achieved the same device properties as those fabricated at UCSD, with powers reaching 100 mW. A realistic and practical microwave equivalent circuit model was also developed which explains the S-parameters that were measured experimentally.
RF link gain and noise figure limits of electroabsorption modulator
In a collaborative effort with Photonic Systems Inc., the RF link limit and noise figure limit of electroabsorption modulator operating under optimal conditions has been theoretically and experimentally established. The photocurrent at the modulator results in a feedback effect that limits the available RF power reaching the modulator.
This limits the maximum link gain and noise figure of links using the electroabsorption modulator.
Limit of Spurious free dynamic range of electroabsorption modulator
The spurious free dynamic range (SFDR) of electroabsorption modulator has been examined. The same current feedback mechanism that limits the RF link gain is found to be beneficial for the high SFDR operation.
4.
Technical progress achieved on project.
High power diluted waveguide electroabsorption modulator
The To facilitate the optimal coupling to single mode fiber, an experiment was accomplished to test the fiber coupling with different lensed fiber tip spot sizes. It was found that, for the 2.5 μm mesa width, an optimal coupling was achieved with lensed fiber with a spot size of larger than 4 μm. Thus the optimal coupling can be obtained with the mesa width made closer to the same spot size. This is why the 4 μm wide mesa was chosen, as shown in figure 1 , for the Lockheed Martin devices. Because of the frequency requirement, the capacitance of the modulator was limited by the mesa width and length, as the thickness of the Q1.46 is separately determined from desired modulation efficiency. Device lengths of 180 -200 μm were targeted in the fabrication run. In order to fit the microwave electrodes in a small space, the ground signal electrode configuration was used, as depicted in figure 2 . Figure 3 shows a photograph of the wire-bonded EAM. Table 1 In the course of the project, the thickness of the Q1.46 was modified to 0.375 μm, while the Q1.15 layer was increased to 2 μm, in order to better couple to the lensed fiber. The resulting EAM has a reverse-breakdown voltage in excess of 15 V and a V π of 3 V for a ~200 mm long waveguide. The device can withstand up to 100 mW of input optical 4 power with a lowest fiber-to-fiber insertion of 5.5 dB, and a single-octave spurious free dynamic range in excess of 120 dB in a one hertz bandwidth. Modeling of the microwave electrode -It was determined that the text book type microwave equivalent circuit model of the EAM waveguide does not work well for the current devices due to the ideal circuit elements assumed in the model. Instead, to 2 EAM results measured at Lockheed Martin. correlate the experimental measured microwave loss and index with the theory, there is a need to develop an analysis that is based on the physical structure and materials properties of the EAM. It should be noted the measured 2 μm wide microwave waveguide structure yields about 3dB/mm excluding the minor portion due to the probe pad transitions. This results in a small microwave loss for the short EAM waveguide used.
RF link gain and noise figure limits of electroabsorption modulator
In an external modulation analog link, it is customary to treat the modulator as an ideal three-terminal device where the light is controlled by the voltage applied to the modulator, but there is no effect of the light on the voltage. This assumption is appropriate for modulators where the modulation is based on the linear electro-optic effect. For direct modulation links, the light is produced by the current supplied to the transmitter laser, so there is a direct relation between electrical power supplied to the optical transmitter and the light output. This results in a limitation on the gain of direct modulation links that does not exist for external modulation links [1] .
Electroabsorption modulators are intermediate between these two extremes. They are external modulators and they affect the light through voltage-controlled absorption.
However, the absorption produces photocurrent, which interacts with the electrical circuit. At low optical power the electroabsorption modulator behaves like an ideal external modulator, but at high optical power it exhibits a gain limit.
This effect of photocurrent on gain was noticed when electroabsorption modulators began to be able to handle optical powers of several mW [2] . This led to the observation that there was a limit on the modulation efficiency of the electroabsorption modulator as the optical power increased [3] . The origin of this limit and how it limits the performance of analog links using electroabsorption modulators was investigated. Experimental data confirming the link gain limit at very high optical power levels was shown.
The basis for this analysis is the equivalent circuit shown in figure 6 where the photocurrent effect is represented by a resistor because it is a voltage-dependent current.
The ac voltage on the modulator is v m . The analysis is simplified by setting C M = 0.
Looking only at the low-frequency effects of the photocurrent the gain limit in its simplest form can be seen. When C M ≠ 0, the photocurrent has additional effects such as increasing the 3-dB bandwidth [2] , but it does not change the basic effect. 
where R L is the modulator termination resistance, R S is the source impedance, R M is the resistance in series with the modulator junction, and η M is the modulator responsivity at the bias point. The link gain is the ratio of the output RF power to the input RF power.
The input RF power is defined as the power delivered by the source to a matched load, which is the available power 〈i Under the assumption that there are no losses in the link except the modulator, the link gain is given by eq. 2,:
where η D is the detector responsivity. The gain is the product of three terms: the link gain for an external modulation link with impedance-matched input, the effect of an impedance mismatch between the source and termination, and a last term with the dependence on the input optical power. In the limit of small p L , this term approaches unity and the link behaves as expected for an external modulation link.
In the limit of large p L , the third term becomes inversely proportional to p L . In this limit the gain becomes independent of either p L or V π , and is given by The gain limit also results in a minimum noise figure. The link electrical noise figure is given by:
where N out is the total output noise, f R is the receiver noise figure (f R = 1 in this case), k is Boltzmann's constant, T o is 290K, and e is the elementary charge. The first three terms are the familiar input, receiver, and detector shot noise terms. The fourth term is due to shot noise from the dc component of the modulator photocurrent. For small η M or for low bias (small t B ) the modulator shot noise term becomes the dominant term at high optical power. The noise figure is plotted in figure. 8.
B
The gain limit has been verified by measuring the gain of a link using an electroabsorption modulator at high optical power levels. The modulator equivalent V π was 0.85 V and the input and output losses were approximately t I = t O = 0.5. The bias point was t B = 0.5, which occurred at 1.5 V reverse bias. The ac input voltage was 0.063 V peak-to-peak. The modulator's apparent dc responsivity varied from 0.7 to 1.5 A/W, indicating some mechanism creating additional photocurrent beyond simple absorption.
An RF responsivity, η M = 0.8 A/W, was used to fit the calculation to the measured data.
The measurement frequency was 50 MHz, well below the RC bandwidth.
The results are shown in figure 9 . The gain follows the theoretical prediction very closely. The gain deviates from the prediction of this model only at the highest powers used (>250 mW) due to heating. 
Limit of Spurious free dynamic range of electroabsorption modulator
The main conclusion from Section B.2 was that the voltage reduction across the p-i-n junction, due to the negative feedback effect generated by the photocurrent, causes link gain to deviate from the quadratic dependence on input optical power and finally approach a gain limit. Here it is shown that the same mechanism affects EAM linearity as well. The linearity performance solely due to the photocurrent feedback effect was analyzed. The results show an input third-order intercept point (IIP3) dependence on fourth-order power of optical power at substantially high power, which surpasses the increase in noise which is linearly dependent on optical power. The SFDR of the link is thus anticipated to improve with increased optical power.
While the input optical power is increased, both dc and ac photocurrent generation The output voltage v OUT is equivalent to v L , the ac voltage across the load resistance of the photodetector. It is well known in electronic amplifier design that negative feedback can improve the linearity of the whole system if the feedback coefficient is more linear than the transfer function of the system without feedback [6] . When the loop voltage gain is large, the overall feedback system response is close to an inverted feedback network response. In this case, function g includes optical transfer curve nonlinearities.
However, feedback coefficient f has nothing to do with the nonlinear transfer curve. 
Equation (6) is the relationship between first order derivatives of the transfer curves. It accounts for the link gain saturation. The term dT/dV M is considered negative due to the fact that larger voltage causes less optical transmission. The denominator on the right hand of (6) becomes much larger than unit when the input optical power is high enough, which reduces the link gain. It can be lump as an EAM saturation factor k.
The derivatives of extrinsic and intrinsic optical transfer curves are related by a factor of k 3 for the second order, and k 4 for the third order when the EAM is biased at its largest slope efficiency voltage point where second order derivative nulls out. The second order null point is also the bias point for multi-octave operation. It is clear that the derivatives of extrinsic optical transfer curves become much smaller than that of intrinsic optical transfer curves when saturation factor k>>1. Thus it can be see that the IIP2 and IIP3 of a highly saturated EAM link can be improved by a factor of k 4 compared with non-feedback system, as illustrated in figures 10 and 11.
The output second and third-order intercept points (OIP2 and OIP3) increase by the same factor as the gain saturates. On the other hand, the link output noise only increases linearly with optical power, even when EAM shot noise dominates in the saturation case, which is approximately proportional to k. Here laser relative intensity noise (RIN) is excluded. Therefore link SFDR also improves by k 2 under this situation.
Conclusion and future plan
Under the support of the Air Force Research Laboratory, much progress has been made in this effort in the fabrication of the diluted core waveguide electroabsorption modulator for analog fiber links. Notable progress has been made in the understanding of the performance of electroabsorption modulator for analog applications. Further effort is planned to show that RF fiber optic links using an EAM in the transmitter can achieve large SFDR operation in a demonstration set-up. 
